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Computer simulation and modeling results for the nanomechanics of carbon nanotubes and
carbon nanotube-polyethylene composite materials are described and compared with experi-
mental observations. Young’s modulus of individual single-wall nanotubes is found to be in
the range of 1 TPa within the elastic limit. At room temperature and experimentally realizable
strain rates, the tubes typically yield at about 5—10% axial strain; bending and torsional stiff-
ness and different mechanisms of plastic yielding of individual single-wall nanotubes are dis-
cussed in detail. For nanotube-polyethylene composites, we find that thermal expansion and
diffusion coefficients increase significantly, over their bulk polyethylene values, above glass
transition temperature, and Young’s modulus of the composite is found to increase through
van der Waals interaction. This review article cites 54 referer@®): 10.1115/1.1538625

1 INTRODUCTION failure properties of nanotubes to understand their fundamen-

Since the discovery of multi-wall carbon nanotubes in 19g§| Strength and stiffness behavior. Initial atomistic simula-
by lijima [1], and subsequent synthesis of single-wall carbdipns of nanotube mechanics have predicted unusually large
nanotubes by other®,3] there are numerous experimenta¥oung’s moduli(of up to 5TPa or 5 times larger than the
and theoretical studies of their electronic, chemical, and meodulus of diamondand elastic limits(of up to 20—30%
chanical properties. Chemical stability, diverse electrongtrain before failure These predictions immediately raised
properties(ranging from 1leV band gap semiconductors tthe intriguing possibility of applying the nanotubes as super
metalg, and predicted extreme strength of the nanotubegong reinforcing fibers with orders of magnitude higher
have placed them as fundamental building blocks in the ragirength and stiffness than any other known material. Subse-
idly growing field of nanotechnology. Diverse nanoscale deuently, more accurate simulations employing tight-binding
vice concepts have been proposed to develop nanoscale elgsfecular dynamics methods aab-initio density functional
tronic devices, chemical sensors, and also high strengffiy| energy calculations involving realistic strain rate, tem-
nanotube composite materials with sensing and actuating g@;atyre dependence, and nanotube sizes have provided more
pacity. To realize the proposed devices and materials ¢y jistic values of 1TPa as Young's modulus and 5-10%
cepts, it is crucial to gain detailed understanding on the fu_gfastic limit of the strain before failure. These values predict

damental limits of nanotubes’ diverse properties. Atomistg:0 GPa as the nanotube strength, in good agreement with

simulations are a very promising approach to achieve this . . : .
récent experimental observations. Second, we will examine

goal since one can investigate a large range of possibilities . . .
: e . the mechanical properties of nanotube-polymer composite

which are often very difficult to access through experimenta . . .
aar:erlals to understand the mechanisms of mechanical load

studies. The insights and detailed mechanistic understand for b | . 4 embedded b
provide valuable guiding principles to optimize and develo}é ster between a polymer matrix and embedded nanotubes.

novel nanoscale devices and materials concepts. his research area is rapidly moving forward with exciting
In this review article, we focus our discussion on the méossibilities of designing and developing very small struc-
chanical properties of carbon nanotubes in the context &¥es(eg, MEMS devicepwith tailored mechanical proper-
high-strength nanotube composite materials. For this pdi€s. Near-term practical applications of nanotubes are ex-
pose, it is crucial to gain a detailed understanding of tected to emerge from the composite materials, as they do
nanotubes’ intrinsic mechanical properties, as well as th&iet require a precise control of nanotube positioning for de-
interaction with the polymer matrix in nanotube-polymevice applications. For the future development of smart
composite materials. First, we will examine the elastic anthnotube-polymer composite materials, computational mod-
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eling will play a catalytic role in facilitating and acceleratingdicular to the tube axis vectors, as explained in R&f. The

the design and fabrication of composite materials with serganotubes of typén, n), as shown in Fig. i, are commonly

ing, actuation, and self-healing capabilities. called armchair nanotubes because of thé \_/ shape,

perpendicular to the tube axis, and have a symmetry along

2 CARBON NANOTUBES: the axis with a s_hort uni_t cell0.25 nn) that can be repeated

STRUCTURE AND PROPERTIES to make the entire section of a ang nanotube. cher nano-
] ) _ tubes of typgn, 0) are known as zigzag nanotub@sg. 1c)

A single-wall carbon nanotubSWNT) is best described aspecause of the/l shape perpendicular to the axis, and also

a rolled-up tubular shell of graphene sh¢€ig. 1a] [4,5]. have a short unit ce0.43 nm along the axis. All the re-

The body of the tubular shell is mainly made of hexagonghaining nanotubes are known as chiral or helical nanotubes

rings (in a sheet of carbon atoms, where as the ends amgnd have longer unit cell sizes along the tube axis. Details of

capped by a dome-shaped half-fullerene molecules. Tite symmetry properties of the nanotubes of different chirali-

natural curvature in the sidewalls is due to the rolling of thiges are explained in detail in Refigl] and[5].

sheet into the tubular structure, whereas the curvature in theThe single- and multi-wall nanotubes are interesting

end caps is due to the presence of topologipaintagonal nanoscale materials for the following four reasons:

ring) defects in the otherwise hexagonal structure of the umy Single- and multi-wall nanotubes have very good elastic-

derlying lattice. The role of the pentagonal ring defect is to
give a positivelconvey curvature to the surface, which helps
in closing of the tube at the two ends. A multi-wall nanotube
(MWNT) is a rolled-up stack of graphene sheets into con-
centric SWNTs, with the ends again either capped by half-
fullerenes or kept open. A nomenclaturem) used to iden-
tify each single-wall nanotube, in the literature, refers to
integer indices of two graphene unit lattice vectors corre-
sponding to the chiral vector of a nanotulgg. Chiral vec-

mechanical properties because the two-dimensi2ia)
arrangement of carbon atoms in a graphene sheet allows
large out-of-plane distortions, while the strength of
carbon-carbon in-plane bonds keeps the graphene sheet
exceptionally strong against any in-plane distortion or
fracture. These structural and material characteristics of
nanotubes point towards their possible use in making next
generation of extremely lightweight, but highly elastic,
and very strong composite materials.

tors determine the directions along which the grapherﬁ A single-wall nanotube can be either conducting or semi-

sheets are rolled to form tubular shell structures and perpen-

3)

4)

conducting, depending on its chiral vectar m), where n
and m are two integers. The rule is that when the differ-
ence n-m is a multiple of three, a conducting nanotube is
obtained. If the difference is not a multiple of three, a
semiconducting nanotube is obtained. In addition, it is
also possible to connect nanotubes with different chirali-
ties creating nanotube hetero-junctions, which can form a
variety of nanoscale molecular electronic device compo-
nents.

Nanotubes, by structure, are high aspect-ratio objects
with good electronic and mechanical properties. Conse-
quently, the applications of nanotubes in field-emission
displays or scanning probe microscopic tips for metro-
logical purposes, have started to materialize even in the
commercial sector.

Since nanotubes are hollow, tubular, caged molecules,
they have been proposed as lightweight large surface area
packing material for gas-storage and hydrocarbon fuel
storage devices, and gas or liquid filtration devices, as
well as nanoscale containers for molecular drug-delivery
and casting structures for making nanowires and nano-
capsulates.

A broad interest in nanotubes derives from the possibili-

ties of a variety of applications in all of the above four tech-
nologically interesting areas. In this review, we mainly focus
on the exceptionally stiff and strong mechanical properties
that can be used for making future generation of lightweight
Fig. 1 a) A graphene sheet made of C atoms placed at the corngltguc;t_ural composite materials. The cher three I_nterestlng
of hexagons forming the lattice with arrows AA and ZZ denotin%leetncal, surface area, and aspect-ratio characteristics could

the rolling direction of the sheet to makg an (5,5) armchair and b€ used to impart specific functional behavior to the thus
(c) a(10,0 zigzag nanotubes, respectively. prepared composite materials.
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3 SIMULATION TECHNIQUES proximation. The dynamic motions for ionic positions are

In earlier days, the structural, mechanical, and thermal propill governed by Newtonian or Hamiltonian mechanics and
erties of interacting, bulk condensed matter systems wélgScribed by molecular dynamics. _

studied with analytical approximation methods for infinite N the most general approach of full quantum mechanical
systems. Numerical computer simulations of the finitdescription of matena_ls, atoms_ are descrlb_ed as a collection
sample systems have become more common recently BE_quantum mechanical particles, nuclei, and electrons,

cause powerful computers to simulate nanoscale system&_ﬂ%’ege% by th_eh ich;ti:ﬂger equation, HSE}R'J}] i
full complexity are readily available. Atomistic molecular_ —tt [ .,r}],twn |_t|_e 232/zq|\lj|aﬂt§?zm§% f Ey Z/Zam"
dynamics(MD) refers most commonly to the situation wheréoman operator il I 1=J T 2Pleme

: : . . +3eflr—3Z,€/|R,—r|, whereR, andr are nuclei and elec-
the motion of atoms or molecules is treated in approximate

finite difference equations of Newtonian mechanics. Exceéf)n coordinates. Using the Borm-Oppenheimer approxima-

. . . on, the electronic degrees of freedom are assumed to follow
when dealing with very light atoms and very low tempera-

. ’ ~ "~ adiabatically the corresponding nuclear positions, and the
tres, the use of the classical MD method is well ]usnf'e.(liuclei coordinates become classical variables. With this ap-

In MD simulation, the <,:iynamic _evolution qf the SVSte”.‘ ! roximation, the full quantum many-body problem is re-
ggverned by Newton’s cla_lssmgl equ_atlon of motio uced to a quantum many-electron probldfiR,[W[r]
d R,/_dt2=F,=—_dV/(_jR|, which is derived frorzn the —E,W[r], whereH=3 PY2M, + H[R].
classical Hamiltonian —of the system, =EP{2M; | he intermediate regimes, for up to few thousand at-
n_LV({R|}). The gtomlc forces are derived as analytic derlv%—msy the tight-bindingi10] molecular dynamic€TBMD) ap-
tives of the interaction energy functionsf({Ri})= " proach provides very good accuracy for both structural and
—dV/dR,, and are used to construct Newton's classicghechanical characteristics. The computational efficiency of
equations of motion which are second-order ordinary diffefhe tight-binding method derives from the fact that the quan-
ential equations. In its global structure, a general MD codgm Hamiltonian of the system can be parameterized. Fur-
typically implements an algorithm to find a numerical soluthermore, the electronic structure information can be easily
tion of a set of coupled first-order ordinary differential equaextracted from the tight-binding Hamiltonian, which in addi-
tions given by the Hamiltonian formulation of Newton’s section also contains the effects of angular forces in a natural
ond law [6]. The equations of motion are numericallyvay. In a generalizedon-orthogonalight-binding molecu-
integrated forward in finite time steps using a predictofar dynamics(TBMD) scheme, Menon and Subbaswami
corrector method. have used a minimal number of adjustable parameters to de-

The MD code for carbon based systems involves analyijelop a transferable scheme applicable to clusters as well as
many-body force field functions such as Tersoff-BrerMdr bulk systems containing Si, C, B, N, and [d1,12. The
potentials for C-C and C-H interactiori8]. The Tersoff- main advantage of this approach is that it can be used to find
Brenner potential is specially suited for carbon-based sysa energy-minimized structure of a nanoscale system under
tems, such as diamond, graphite, fullerenes, and nanotulms)sideration without symmetry constraints.
and has been used in a wide variety of scenarios with resultsAdditionally, the ab-initio or first principles method is a
in agreement with experimental observations. Currentigimulation method to directly solve the complex guantum
there is no universal analytic many-body force field functiomany-body Schrdinger equation using numerical algorithms
that works for all materials and in all scenarios. A majdrl3]. An ab-initio method provides a more accurate descrip-
distinguishing feature of the Tersoff-Brenner potential faiton of quantum mechanical behavior of materials properties
carbon-based systems is that short-range bonded interactiev@n though the system size is currently limited to only
are reactive, so that chemical bonds can form and break dapout few hundred atoms. Curreati-initio simulation meth-
ing the course of a simulation. Therefore, compared to sor@@s are based on a rigorous mathematical foundation of the
other molecular dynamics codes, the neighbor list describiflgnsity functional theoryDFT) [14,15. This is derived from
the environment of each atom includes only a few atoms aHte fact that the ground state total electronic energy is a
needs to be updated more frequently. The computational cBictional of the density of the system. Kohn and Sham
of the many-body bonded interactions is relatively high coni14,19 have shown that the DFT can be reformulated as a
pared to the cost of similar methods with non-reactive inte$ingle-electron problem with self-consistent effective poten-
actions with simpler functional forms. As a result, the overalial; including all the exchange-correlation effects of elec-
computational costs of both short-range interactions aH@NICS Interactions:
long-range, non-bonding van der Waalkennard-Jones
6—12 interactions are roughly comparable. For large-scale H1=P2me+Vi(r)+Xxclp(r) ]+ Viene(r),
atomistic modeling (18-1C atoms), multiple processors
are used for MD simulations, and the MD codes are gener- H (r)=gy(r), for all atoms
ally parallelized[9].

In recent years, several more accurate quantum moleculap(r)==3|¥(r)|2.
dynamics schemes have been developed in which the forces
between atoms are computed at each time step via quanftlinis single-electron Schdinger equation is known as the
mechanical calculations within the Born-Oppenheimer apohn-Sham equation, and the local density approximation
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(LDA) has been introduced to approximate the unknown ednd relatively defect free structure. For non-axial strains such
fective exchange-correlation potential. This DFT-LDAas bending and torsion, the MWNTS are expected to be stiffer
method has been very successful in predicting materidbeaan the SWNTSs. In this section, the axial, bending, and tor-
properties without using any experimental inputs other thaion moduli of SWNTs are described and compared with
the identity of the constituent atoms. experimental observations known so far.
For practical applications, the DFT-LDA method has been

implemented with a pseudopotential approximation and4a1 Young’s modulus for axial deformations

pIang wave(PW) basis expansion of single-electron WaVes described above, single-wall carbon nanotubes have tu-
functions[13]. These approxmqﬂons redupe t_he eleqtrongular structure that can be conceptualized by taking a
structure problem to a self-consistent matrix diagonalizati aphene sheet, made of C atoms, and rolling into a long

problem. O'ne. of t'he popular DFT simulation programs 15 bular shape. Contributions to the strength and stiffness of
Vienna Ab intio $|mulat|on Packag®ASP), which is avail- SWNTs come mainly from the strength of graphene in-plane
able through a I|cen§e agreemewaSk) [16]' covalent G—C bonds. It is expected that modulus, strength,
'!'he three simulation methods_ described ak_)ove each h_%\ﬁ% stiffness of SWNTSs should be comparable to the in-plane
their own gdvantages {:md are suitable fo_r StUd'_eS forava”?r%dulus and strength of the graphene sheet. In the tubular
of properties OT material systems. MD s.|mu|at|ons_ have t ‘T‘lape, however, the elastic strain energies are affected by the
least computational cost, followed by Tight Bending metnhtrinsic curvature of €-C bonds. Robertsoet al [18] have
ods. Ab initio methods are the most costly among the thr und (using both Tersoff and Tersoff-Brenner potentials
MD simulations can study systems with up to millions o hat the elastic energy of a SWNT scales &1/where R is
atoms. With well-fited empirical potentials, MD simulationst e radius of the tube. This is similar to the results deduced
are quite suitable for studies of dynamical properties ?J?om continuum elastic theory19]. The elastic energy of
large-scale systems, where the detailed ele_ctronic PrOPETERTS responding to a tensile stress in their study suggested
of systems are not always necessary. While DFT methoglg, g\ s are very strong materials and that the strength is

can provide highly accurate, self-consistent electronic Str%’ainly due to the strong-CC sp? bonds on the nanotube
tures, the high computational cost limits them to systems HRe Young's modulus of a SWNT i¥ = (1V)3%E/ 9s? '

to hundreds of atoms currently. To take the full capacity %hereE is the strain energy an¥f is the volume of the
DFT methods, a careful choice of an appropriate sized S¥Sinotube
tem is recommended. Tight Binding methods lay in between Initial computational studiek20], using the same Tersoff-

MD simulations and DFT methqu, as to the computatlongLenner potential, reported the value of Young’s modulus to
cost and accuracy, and are applicable for systems up to thB “as high as 5.5TPa. This was mainly due to a very small

sands of atoms. For moderate-sized systems, TB methQ, fue of wall thicknesgh~0.06 nm used in these studies.

can provide quite accurate mechanical and electronic Char%“sing an empirical force constant model, [24] found that
teristics. ’

the Young’s modulus of a SWNT is approximately 970GPa,

. Folrtqomputterl]tlc:jnal nartl)omecr;a.nlcs of nalnotub(tes, all thr\‘I?IT"]ich is close to that of a graphite plane, and is independent
,[S'mu ation rtr;]e ods catmt. € ulse na comg erf?ep ary n;anﬂ?'iube diameter and chirality. Rubgt al [22] used a better
0 Improve the computational accuracy and €fliciency. basg scription for interatomic forces through a non-orthogonal

on experimental observations or theoretical dynamic any ht-binding method and found the Young's modulus to be

struc;'.[urte bS|r.nuIat|tc')nst, :jheAfatltoTr:C structurel of a tnanosysft proximately 1.2TPa, which is larger than that of graphite,
can nrst be investigated. ATter the nanoscale system Configiyy jq slightly dependent on the tube size especially for small

rations have been finalized, the functional behaviors of ﬂaﬁameter nanotube@®<1.2 nny. High surface curvature for
system are investigated through staizinitio electronic en- small diameter nanotubes tends to decrease the Young's
ergy minimization schemes. We have covered this in detail odulus. The Young's modulus of a variety of carbon and

a recent review article focusing exclusively on computationg so non-carbon nanotubes as a function of tube diameter in

nanotechnology17]. Rabioet als studies is shown in Fig. 2. In both Lu and Rabio

In the following, we describe nanomechanics of naney ars studies, the thickness of the nanotube wall was as-

tubes and nanotube-polymer composites, and compare Nfned to be 0.34 nrithe van der Waals distances between
simulation results, where ever possible, with experiment aphite planes and the computed modulus is within the

observations. range of experimental observations, as will be discussed
below.
4 MODULUS OF NANOTUBES Later on, using the ab initio density functional theory

The modulus of the nanotube is a measure of the stiffngsgth pseudopotentialsRubioet al[23] have found that the
against small axial stretching and compression strains, sigfness of SWNTSs is close to that of the in-plane stiffness of
well as non-axial bending and torsion strains on the nangraphite, and SWNTs made of carbon are strongest as com-
tubes. The simulation results mainly pertain to the stiffnegared with other non-carbon, such as boron-nitf@sl) or

of SWNTs, where as most of the experimental observatioBgC/N,, nanotubes known so far. The Young's modulus of
available so far are either on MWNTs or ropes/bundles dMulti Wall CNTs (MWCNTs) and SWCNT ropes as a func-
nanotubes. For axial strains, SWNTs are expected to tien of tube diameters from Rabiet al's study is shown in
stiffer than the MWNTSs because of smaller radii of curvatureig. 3.
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Table 1. Summary of Young's modulus from various theoretical calculations used in different studies
(where Y is Young’s modulus andh is the wall thicknes9

Molecular dynamics

Tersoff-Brenner force  Empirical force Non-orthogonal
Method  field [20] constant model[21]  tight-binding [22]  Ab initio DFT [23]
h 0.06 nm 0.34 nm 0.34 nm 0.34 nm
Y SWCNT: 5.5 TPa SWCNT: 0.97 TPa SWCNT: 1.2 TPa SWCNT rope:
0.8 TPa; MWCNT:
0.95 TPa

Table 2.  Summary of Young’s modulus from various experimental studiegwith definitions of Y and h
same as in Table )

Thermal vibrations Restoring force Thermalvibrations  Deflection forces
Method [28] of bending [29] [30] [31]
h 0.34 nm 0.34 nm 0.34 nm 0.34 nm

Y MWCNT: 1.8+1.4TPa MWCNT: 1.280.59 TPa SWCNT: 1.7 TPa SWCNT: 1.0 TPa

The calculated Young's modulus from the above varioudear how to define wall-thickness for systems where only a
methods is summarized in Table 1. The different results frosingle layer of atoms form the wall. There are suggestions to
various theoretical studies arise from the use of differense the value 0B?E/de? instead of Young’s modulus to
definitions of carbon nanotube wall thickness, or differeravoid the ambiguity in the definition of wall thickness of
atomic interaction potentials. It has been suggested that tignotubes. Some recent studies by[R%&| also use an inde-
investigating the valué’E/de? instead of Young’s modulus, pendent variable as bending stiffness for nanotubes and
the ambiguity of thickness of the CNT wall can be avoidedvoid the parameter corresponding to the wall thickness al-

Using a non-orthogonal tight-binding molecular dynamictgether. However, in the description of continuum theory
method and the DFT method, we recently carried [@4] based models, the definition of wall thickness is important
axial compression of single-wall C and BN nanotubes arahd needs to be consistent with the experimental results as
have found Young’s modulus to be about 1.2TPa, we alsell as those obtained from atomistic or tight-binding mo-
found that the modulus of a similar BN nanotube is abolgcular dynamics simulations. According to Tables 1 and 2,
80% of that of the carbon nanotube. These results arethe value of 0.34 nm for the wall thickness of a single-wall
qualitative and quantitative agreement with Rubio’s DFT resarbon nanotube gives experimental and atomistic simulation
sults and the general experimental observations known lsased results of Young’s modulus that are in broad agree-
far. ment with each other. This means that 0.34 nm, correspond-
There have been attempts to use continuum theory to dleg to the van der Waal radius of a single C atom, is a
scribe the elastic properties of carbon nanotubes. The value
of the wall thickness of CNTs is usually required when ap-

plying a continuum elastic model, and it is not immediately a 1.20 e e ———
045 o (b) hites
v L} v T M T ¥ L} F D 0 gap
~ 100 T
2 ¢ o o %
—8C (n,n) % i o
040 + = 0--0C (0,09 1
7 =—® BN (n,n) Bosof ¢ o " -
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0.0 0s 10 15 20 25 Fig. 3 Young’'s modulus verse tube diameter for ab initio simula-
Tube Diameter (nm) tion. Open symbols for the multiwall CNT geometry and solid

symbols for the single wall tube with crystalline-rope configuration.
Fig. 2 Young’s modulus as a function of the tube diameter for Qhe experimental value of the elastic modulus of graphite is also
BN, BC3, BC2N from tight binding simulatiof22]. shown[23].
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reasonable assumption for the wall thickness for evaluatiocomputed smaller value is also similar to what Robertson
of Young’s modulus. A recent work by Har{l6] examines et al [18] showed in their study of the elastic energy of
the validity of using continuum elastic theory for nanotubeSWNTSs. The qualitative agreement is rather good. An addi-
and suggests that small and large diameter nanotubes neetibimal feature is that the bending Young’s modulus decreases
be described with different approaches, such as a solid neith the increase in tube diameter. This is mainly due to
model for small diameter nanotubes and a shell model forore favorable out-of-plane displacements of carbon atoms
large diameter nanotubes. This is also consistent with usiog a larger diameter tube, resulting in flattening of the tube in
0.34 nm for wall thickness, because thin nanotubes withe middle section.

about 0.7 nm diameter would behave as a solid rod and notPoncharalet al [28] experimentally studied the bending

as a cylindrical shell, as was assumed earlier. Young’s modulus of MWNTgdiameter>10 nm) using elec-
. _ trically induced force and have found that the bending
4.2 Bending stiffness and modulus Young's modulus is decreased sharply with the increase in

Besides axial strains discussed above, SWNTs have algbe diameterFig. 5a), which they have attributed to the
been subjected to bending and torsional strains. The benditgve-like distortion of the MWNT, as shown in Figb.5
stiffness of a SWNT is (1/)d’E/dC?, whereE is the total At a large bending angle, SWNTs can buckle sideways
strain energyl is the length, andC is the curvature of the

bent nanotube, which is related with the bending artgées

C= 6/L. From the elastic theory of bending of beams, the 20
strain energy of a bent nanotube can be expresseH as Tl
=0.5Y hL$t?C2dI, whereY is the Young’s modulus of the 1.8

SWNT, andh is the thickness of the walR7]. The integralis ‘& 16k
taken around the circumference of the nanotube,tasdhe f: -
distance of atoms from the central lifer the bent axisof :;' 14 -
the tube. From this expression, the bending stiffniéss 2 1.2}

5
&

found to be equal t&Y h(7rr®), and scales as the cube of the 3 1.0
radius of the tube. Results from molecular dynamics simule “loe
tions with the Tersoff-Brenner potential show that the stiff- g, 08 [
ness K scales aB?® (Fig. 4), which is in good agreement .& 06}
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with scaling predicted by the continuum elastic theory. Th So4loe o

corresponding bending Young’s modulusg) of SWNTs m :

with varied diameters can be calculated from the above equ 02 a '*i- + *P*" .} I’

tion. For a small diameter SWNY7 is found to be about 0.9 oo s'f' :
TPa, smaller than the stretching Young's modulus calculate 10 15 20 25 30 35 40 45

Diameter (nm)

(a)

from the tight-binding method or first principle theory. The

10.0 T
(30,0)
(25,0
(20,0)

£ 10 ¢
3
£ (10,0)
) L

01 Stifiness~DA2.93

(5,0) ( b)
0'Oo - 1 ‘ 10 Fig. 5 a) Bending modulus as a function of tube diameter. Solid
Diameter (nmy) circles are from Poncharat al [28]; others are from other experi-

ments as referred in Ponchaet als paper. The dropping in the
Fig. 4 Bending stiffness as a function of tube diameter from MBending modulus is attributed to the onset of a wavelike distortion
simulation with Tersoff-Brenner potential. The stiffness is scaled &s lateral direction as shown in). b) High—resolution TEM image
D2% closed to the cubic dependence on diameter D predicted fraha bent nanotubéRadius of curvature=400 nm), showing the
continuum elastic theory. wavelike distortion and the magnified vieW23].
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similarly to a macroscopic rod, at which non-uniform straibby Salvetakt al[33], where Y was found to be about 1 TPa.
is induced. Shown in Fig.&éandb are the images from a The measured Young’s modulus from these various methods
high-resolution electron microscop29] of the buckling of is summarized in Table 2.

bent SWNT and MWCNT. Such buckling at large bending

angle is closely related with buckling of a SWNT under axigt PLASTIC DEFORMATION

compression stress, which will be discussed later. AND YIELDING OF NANOTUBES
Nanotubes under large strain go through two kinds of struc-
4.3 Torsion stiffness and modulus tural changes. First, early simulations by Yakobso@al [20]

The torsion stifiness of a CNT &= (1/L)d?E/d#?, where Showed that under axial compression, nanotubes exhibit

E is the total strain energy andis the torsion angle. The Structural instabilities resulting in sideways buckling, but the
shear strain is related with torsion anglesas R6/L , where deformed structure remains within the elastic limit. Second,
R is the radius of tube, and is its length. From continuum Under large strains, bonding rearrangements or transitions oc-
elastic theory, the total strain energy of a cylinder can 58" giving rise to permanent damage, plastic deformation, or
written asE=1G/[[[s2dV, whereG is shear modulus of yielding of nanotubes. In this section, we discuss the plastic
the tube. The torsion stiffness thus is related wizthas K deformation and failure of nanotubes under large axial com-
= (1L)d?E/d¢? = G(2h) R¥/L2, whereh is the thickness pression and tensile strains. Critical dgpendence of the _yiel_d-
of the wall of the nanotube. In Fig. 7, we show our recenti§d Of nanotubes on the applied strain-rate and the kinetic
computed values of the torsion stiffness of several armchifimperature of the simulation are also discussed through a
and zigzag carbon nanotubes using the Tersoff-Brenner (aedel that shows that nanotubes may typically yield within
tential. The dependence of the torsion stiffness on the radfis10% tensile strain at room temperature. This finding is in
of tube is found to be akK«R3C! (for tube diameter 900d agreement with the experimental observations on the
>0.8 nm). This is in excellent agreement with the predictio®reaking and yielding of MWNTSs and the ropes or bundies
of cubic dependence from the continuum elastic theory. of SWNTs.
The shear modulus of CNTs is found to be around 0.3 TPa
and is not strongly dependent on diameteffer D 5.1 Plastic deformation under compressive strain
>0.8 nm). This value is smaller than that of about 0.45 TRg, ohsonet al [20] found that SWNTs form non-uniform
in Lu's study[20], calculated with an empirical force con-fi jive structures under large compressive stréig. 8.
stant model. For small diameter tubes, such &,8 nano- Tpe sigeways displacement or buckling of tubes occurs, for
tube, the shear modulus deviates away from the continuymyer strain, and contributes towards the relief of strain en-
elastic theory description. ergy from the fin-like structures, but the tubes remain super-
) elastic for more than 20% compressive strains. Experiments
4.4 Experimental status: Modulus of carbon nanotubes have observed a sideways buckling feature in compressed
The high stiffness of carbon nanotubes has been verified fylti-wall nanotubes in polymer composite materifd].
several experiments. Treacgt al [30] studied Young's Another mode of plastic deformation of compressed thin
modulus of MWNTs by measuring the thermal vibrationgjanotubes is also observed in the same experini8disie,
and Y was found to be aboqt.8+1.4) TPa. Later research the tubes remain essentially straight, but the structure col-
by Wonget al[31] on MWCNT found the Young's modulus lapses locally as shown in Fig. 9.
to be about(1.28+0.59 TPa by measuring the restoring Srivastavaet al [35] used a tight-binding molecular dy-
force of bent nanotubes. Krishnaet al [32] conducted a namics method and have found that within the Euler buck-
study on the stiffness of single-walled nanotubes and haleg length limitation, an(8,0) carbon nanotube collapses
found the average Young's modulus to be approximatelgcally at 12% compressive strain. The local plastic collapse
1.25 TPa. This is close to the experimental results obtainaddue to a graphitic () to diamond-like (sp) bonding

Fig. 6 HREM images of kink structures formed in bent CNTs. Shown on left is a single kink in a SWCNT with diameter 1.2nm; Shown
on right is a kink on a MWCNT with diameter 8 nf29].
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transition at the location of the collapse and the release gg
excess strain in the remaining uncollapsed section. The
leased strain in the uncollapsed section drives the local ¢
lapse with a compressive pressure as high as 150 GPa at
location of the collapséFig. 10.

Srivastavaet al [24] have also studied the influence ol
changes in the chemical nature on the nanomechanics
the plasticity of nanotubes. For example, this is done
considering the structure, stiffness, and plasticity of boro
nitride (BN) nanotubes. The results for Young’s modulus c
BN nanotubes have been discussed above. It turns out t
BN nanotubes are only slightly less sti80—-90% as com-
pared to their carbon equivalent. The tight-binding MD an

"

w

Strain Energy, E/I

100 " T

(15,15) ’/’ (30.0)
10F 25,0)

(10,10) o (20,0)

®(15,0)
i / _
5.5) .o/ (10,0)

K~DA3.01 (D>0.8nm)

Torsion stiffness (eV/(A * rad™2)

6.0) Fig. 8 a) The strain energy of a compressed 6 nm I6ng) CNT,
A , from Tersoff-Brenner potential, has four singularities corresponding
1 10  to the buckled structures with shapes showm ito e. The CNT is
Diameter (nm) elastic up to 15% compression strain despite of the highly deformed

structures. The MD study was conducted at0rK [20].
Fig. 7 The torsion stiffness as a function of tube diameter for a

series of zigzag and armchair SWNTs calculated with Tersoff-
Brenner potential. The stiffness is scaleda® for D>0.8 nm, in
agreement with the prediction from continuum elastic theory.

(a)

—wo= (D)

Fig. 9 TEM image of fractured multiwalled carbon nanotubes under compression within a polymeric film. The enlarged image is shown
on right[52].
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ab-initio total energy simulations further show that, due t6.2 Plastic deformation under tensile strain

BN bond rotation effect, BN nanotubes show anisotropic r¢zy; the case of tensile strain, Nardedit al [36,37] have
sponse to axial strains. For example, Fig. 11 shows sponégdied the formation of Stone-WaléSW) bond rotation
neous anisotropic plastic collapse of a BN nanotube that hagyced defects as causing the plastic deformation of nano-
been compressed at both ends, but strain release is showg s, This mechanism is explained by formation of
be more favorable towards nitride atoms in the rotated Bﬁbptagon—pentagon pai775 defects in the walls of nano-
bonds. This results in the anisotropic buckling of the tU%beS(Fig_ 12. The formation energy of such defects is de-
towards one end when uniformly compressed at both endgreased with the applied strain and is also dependent on the
diameter and chirality of the nanotube under consideration.
At high temperatures, plastic flow of the thus-formed defects
occurs, and that can even change the chirality of the nano-

radial view axlal view
12
(@ aal @ at 12% strain
=]
1F 504
[1T]
® . . .
& Fig. 11 Five stages of spontaneous plastic collapse of the 14.25%
02 compressed8,0) BN nanotubea) Nucleation of deformations near
08 the two endsb-d anisotropic strain release in the central com-
0 . i pressed section and plastic buckling near the right end of the tube,
0 2000 4000 ande) the final anisotropically buckled structure where all the de-
) formation is transferred toward the right end of the tube. The cross
Number of Relaxation Steps

section of each structure is shown on right.

Strain Energy (eV / atom)
o
[+:]

L
S
T

02

1 1
0 ] 10 15

Axial Compression { %)

Fig. 10 Shown on top froma to d are four stages of spontaneous=ig. 12 The Stone Wales bond rotation on a zigzag and an arm-
plastic collapse of the 12% compress@0) CNT, with diamond chair CNT, resulting pentagon-heptagon pairs, can lengthen a nano-
like structures formed at the location of the collajp38]. tube, with the greatest lengthening for an armchair {L883.
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tube (Fig. 13. On further stretch, the plastic flow and indowest one is 2% in their experimenté-ig. 14). The re-
creased formations of more such defects continue until negerted lower yielding strains in experiments could be partly
ing and breaking of the nanotube occurs. Zhahgl [38] due to tube defects in the SWNT ropes, or could be due to
have also examined the plastic deformations of SWNTSs itike much(orders of magnitudelower rates at which strain
duced by the Stone-Wales dislocations under tensile straian be applied in experiments.
and they have found that the SW defects can release theThe breaking, collapse, or yielding of the nanotubes are
strain energy in the system. Zhaefjal note that SW defects clearly a temperature and strain-rate-dependent phenomena,
form more favorably on an armchair nanotube than onghd a model needs to be developed to relate the reported
zigzag nanotube because the rotation of the@bond can ych higher yielding strain from simulation studies to the so
compensate for more tensile strain along the axis in the. ;pserved lower yielding strain in experiments. \&e&l
former case. [43,44) have recently developed a transition-state theory
based model for deducing strain rate and temperature depen-
. dence of the yielding strain as simulated in MD studies. Ac-
5.3 Strain-rate and temperature dependence . . L
L cording to the Arrhenius formula, the transition time for a

of yielding of nanotubes o

. . ] . system to go from the pre-yielding state to anotkgost
In all the simulations and discussions so far, no dependely;gding) state is dependent on the temperatures as
of the failure or yielding of nanotubes on the rate of thge— (1/v)e5+ /KT, whereE, is the activation energy and is
applied strain or the temperature of the system has been Mg effective vibration frequency or attempts for the transi-
tioned. This is because all of the above results were eithgf, For a system with strais, the activation barrier is
obtained with theab-initio or tight binding static total energy |gwered as= = EC— kVe . wherek is the force constant. and
calculations or with MD simulations at much higher straity js the activation volume. At higher temperatures, therefore,

rates(than ever possible in experimeptsvhere barriers t0 5 system has larger kinetic energy to overcome the barrier
collapse would bartificially higher. In reality, it is expected

that barrier to collapse and yielding strain at experimentally
realizable strain rates and at room temperatures may k
lower than the simulation values reported so far. The yielding 90 F (&)
or failure of SWNTs in different scenarios depends on the I
formation of defects discussed above. Classical MD simula 40 |
tions report value$39] as high as 30% yielding strain under E
tensile stretch and above 20% under compresf26h Due (5
to the limitations in the time scales of the phenomenon tha 'y,  }
can be simulated with MD, the nanotubes were typicallyg 20
strained at 1/ns at 300—600 K. The experiments so far su¢&

30

gest much lower yielding strains for nanotubes. Walgdral 10 |
[40] have studied the SWNT rope under large tensile strair
and observed the maximum strain to be 5B9% before (o 3

yielding occurs. Yuet al [41] have found similar breaking
strain (5.3% or lowej for different SWNT rope samples
(Fig. 14a). Similar measurements on MWNTs by ‘i al
[42] show breaking strain to be about 12% or lowéne

Strain

Stress (GPa)

Strain (%)

Fig. 14 Top: Eight stress versus strain curves obtained from the
tensile-loading experiments on individual SWCNT ropes. The
Fig. 13 A heptagon-pentagon pair appeared on a 10% tens¥leung’s modulus is ranged from 320GPa to 1470 GPa. The break-
strain (10,10 CNT at T=2000 K. Plastic flow behavior of the ing strain was found at 5.3% or lowg41]. Bottom: Plot of stress
Pentagon-heptagon pairs after 2.5ns at3D00 K on a 3% tensile versus strain curves for individual MWCNTSs. The Young’s modulus
strained CNT. The shaded region indicates the migration path of fiseranged form 270GPa to 950 GPa, with breaking strain around
(5-7) edge dislocatio36]. 12% (one sample showed a 3% breaking strqi2].
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between the pre-yielding and post-yielding states, and ttie strain rate with transition state thediyST) can be ex-
transition time is shortened. Similarly, the lower strain rate gtessed agy=E,/YV+(KT/Y V)In(Ne/ngeeo), WhereE,
each step allows the system to find an alternative minimusithe averaged barrier for the yielding initiating defeédtis
energy path, thus again lowering the effective barrier heigtite number of processes involved in the breaking of the tube,
separating the pre- and post-yielding states. Y is Young’'s modulusng;;e is the number of sites available
For example, yielding strain of a 6nm lori@0,0 SWNT for yielding, which is dependent on the structural details, and
at several temperature and strain rate varying betweegis a constant related to the vibration frequency ef-C
10 3/ps to 10 °/ps, is shown in Fig. 15. Yielding strains bonds. For a more realistic strain rate such as 1%f/hr, the
are found to be 15% at low temperature and 5% at highelding strain of the 6nm lon¢l0,0 CNT can be estimated
temperature at about 18/ps strain rate. Stone-Wales rota-to be around 11%. A longer CNT will have a smaller yielding
tions are found to first appear before necking, resulting 8train, as more sites are available for defects. The difference
heptagon and pentagon pairs, which provide the cores fmtween the yielding strain of a nanometer long CNT and of
formations of larger rings, and further resulting in the breala micron long CNT can be around 2% according to the above
ings of the nanotubegFig. 16). Detailed analysi§43,44] expression for the yielding strajd3,44]. The advantage of
shows that the complex dependence on the temperature, anch a model is that one could directly compute the activa-
tion energy for yielding defect formation and get the yielding
strain from the developed model. Within error bars on the
known activation energies computed so far, our model is in

025 ' ' ' very good agreement with experimental observations.
On the other hand, under compressive strain, as described
0z | | above, Srivastavat al[35] showed that CNT collapses with
' T=300K the graphitic to diamond-like bonding transition at the loca-
T=800K tion of the collapse. Another observation is the formation of
§ 015 | | non-uniformfin-like structures by Yakobsoet al [20] that
z L4 T=1600K leads to sideways Euler buckling of the tube, and no
o diamond-like bonds or defects would form within the struc-
% o1 | ture. Recent MD studies at finite temperatur4S| give dif-
> ® T=2400K ferent results. Using the same Tersoff-Brenner potential in
/ MD studies, Weiet al [45] show that, with thermal activa-
005 | | tion, nanotubes under compressive strain can form both
diamond-like bonds and SW-like dislocation defects at high
temperaturegFig. 17) [45]. Similar analysis of nanotubes
ol . L - , under compressive strain therefore, is more complicated and
10 10 10 10 10
Strain rate (1/ps)

Fig. 15 The yielding strain of a 6nm lor{@0,0 CNT is plotted as
functions of strain rate and temperature. Stone-Wales bond rotations
appear first resulting in heptagon and pentagon ring; then larger C
rings generated around such defects followed by the necking of the
CNT; and the CNT is broken shortly aftéirom MD simulations

with Tersoff-Brenner potential
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Fig. 16 Left: A 9% tensile strained5,5 CNT with numerous
Stone-Wales bond rotation defects at 2400K, and the following
breaking of the tube. Right: An 11.5% tensile straif&@,0 with a Fig. 17 A 12% compressed0,0 CNT at T=1600 K. A Stone-
group of pentagon and heptagon centered by an octagon at 160QkJes dislocation defect can be seen at the upper section of the
and the following breaking of the tub@rom MD simulation with CNT. Several sp3 bonds formed in the buckled regivom MD
Tersoff-Brenner potential simulation with Tersoff-Brenner potentjal
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currently underway because sideways buckling can occur Iséepe of the density-temperature curve. The discontinuities
fore tube yields with SW dislocation or diamond-like defeatepresent glass transition temperatures in the two cases. Two

formation. features are apparent in the figure. First, the glass transition

temperature of the composite system has increased to a
6 STRUCTURE AND MECHANICS higher value than that of the pure polyethylene system. Sec-
OF NANOTUBE COMPOSITES ond, above glass transition temperature in both the cases, the

As discussed above, the strong in-plane graphitic-@ density as a function of temperature in the composite case

bonds make defect free SWNTs and MWNTs exceptionallg}%creases at a much faster rate than the decrease in the pure
strong and stiff against axial strains and very flexible again!Yethylene system case. This means that the volume ther-
non-axial strains. Additionally, nanotubes also have veﬁ)al expansion coefficient of thg _composne has increased to a
good electrical and thermal conduction capabilities. Mar{%rger value above glass transition temperature. The volume

applications, therefore, are proposed for nanotubes as adgfrmal expansion coefficient for the composite system

tive fibers in lightweight multi-functional composite materi2°0V€ glass transition temperature is found to be 12

als. Several recent experiments on the preparation and chaiO * K™%, which is 40% larger than that of the pure poly-
acterization of nanotube-polymer composite materials hai'Y/ene system abovg,. The increase in the thermal ex-
also appearef#6—4g. These measurements suggest mode%@nsmn.coeff!uent due to mixing of SWNTs in the polymer
enhancement in strength characteristics of CNT-embeddii"P!€ iS attributed to the increased excluded volume due to
polymer matrices as compared to the bare polymer matricg,%'?rmal, motions of the nanotubes in the sample. In_t_he same
Vigolo et al [46] have been able to condense nanotubes fnulations, we aiso found that, above glass transition tem-
the flow of a polymer solution to form nanotube ribbons aRerature, the self-diffusion coefficient of the polymer mol-
well. These ribbons can be greatly bent without breaking afigU|es in the composite increases as much as 30% above its
have Young's modulus that is an order of magnitude largBf"® Polyethylene sample values. The increase in the diffu-

than that of the bucky paper. In the following, we discusE" coefficient is larger along the axis of the added nanotube
structural, thermal and mechanical implications of adding*®'S and could he'P during the processing steps due to bet-
SWNTs to polyethylene polymer samples. ter flow of the material above glass transition temperature.

6.2 Mechanical behavior of
nanotube-polyethylene composites

Mdsing fibers to improve the mechanical performance of a

from both processing and applications perspectives. AsC@mpPosite material is a very common practice, and the re-

function of temperature, polymeric materials go througijt€d teéchnology has been commercialized for quite some
structural transformation from solid to rubbery to liquidime- Commonly used fibers are glass, carbon black, or other

states. Many intermediate processing steps are done in the
liquid or rubber-like state before the materials are cooled
down to below glass transition temperature for the finall
needed structural application. Besides the melting process Tg
high temperaturél,,, like other solid materials, the struc- 995 | _ glass
tural and dynamic behavior of polymeric material above ar

6.1 Structural and thermal behavior
of nanotube-polyethylene composites

Thermal properties of polymeric materials are importa

composite

below glass transition temperatufg is important to inves- - 09F -
tigate. BelowT, the conformations of polymer chains areg
frozen, when polymers are in a solid glassy state, and 3, 085 | |

betweenT, and T, polymers are in a rubber-like state withz
viscous behavior. Preliminary experimental and simulatic§
studies on the thermal properties of individual nanotub®&® 08 r
show very high thermal conductivity of SWNT49]. It is glass
expected, therefore, that nanotube reinforcement in pol ¢

polymer

« rubber

1
i
i
|
:
i

meric materials may also significantly change the therm liguid
and structural properties as well. Tg
. . . . . .7 1 1 1
Atomistic _MD simulation studies of the thermal an(_j struc 07 100 200 300 400
tural properties of a nanotube-polyethylene composites ha Temperature (K)

been attempted recentf$0]. Polyethylene is a linear chain ) .

molecule withCH, as the repeating unit in the chain. Th&i9- 18 Density as a function of temperature for a polyethylene
. : stem(50 chains withN p=10), and a CNT-polyethylene compos-

density as a functlc_)n of temperlature for a p'ure pqugthylelﬁé (2nm long capped10,0 CNT) The CNT composite has an

system(a short chain system with 10 repeating units in eaqh

. . . . .~ Increase of thermal expansion abolig. (From a MD simulation
polymer, with 50 polyethylene chains in the S'mUIa'['OQ\/ith Van der Waals potential between CNT and matrix. Dihedral

samplé and a nanotube-polyethylene composite system wiffgle potential and torsion potential were used for the polyethylene
about 8% volume ratio capped nanotubes in the mixture rigatrix, and Tersoff-Brenner potential was used for carbon atom on
shown in Fig. 18. Both systems show discontinuity in ththe CNT)
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ceramics. These not only can add structural strength to nmsite sample was recently performed with short nanotubes
terials but also can add desired functionality in thermal areinbedded in a short-chained polyethylene system at 50K, a
electrical behavior. The structural strength characteristics teimperature below glass transition temperature. The coupling
such composite materials depend on the mechanical lcgdthe interface was through non-bonded van der Waals in-
transfer from the matrix to the fiber and the yielding of thé&eractions. Shown in Fig. 19 is the stress-strain curve for
coupling between the two. Mechanical load from matrix tboth the composite system and the pure polyethylene matrix
the fibers in a composite is transferred through the couplisystem. Young’s modulus of the composite is found to be
between the two. In some cases, the coupling is througBOOMPa, which is about 30% larger than that of the pure
chemical interfacial bonds, which can be covalent or nopolymer matrix system. This enhancement is within the up-
covalent in nature, while in other one the coupling could keer and lower bound limits discussed above. We have found
purely physical in nature through non-bonded van der Wadhat further enhancement of Young’s modulus of the same
(VDW) interactions. Covalently coupled matrix and fibersample can be achieved by carrying the system through re-
are strongly interacting systems, while VDW coupled sygeated cycles of the loading-unloading of the tensile strain
tems are weakly interacting systems, but occur in a wid# the composite matrix. In agreement with the experimental
variety of cases. The aspect ratio of fiber, which is defined @bservation, this tends to align the polymer molecules with
L/D (L is the length of the fiber, and D is the diametds the nanotube fibers, causing a better load transfer between
also an important parameter for the efficiency of load trane two. Franklancet al [51] have studied the load transfer
fers because the larger surface area of the fiber is better fgtween polymer matrix and SWNTs and have found that
larger load transfer. It is expected, therefore, that the embddere was no permanent stress transfer for 100nm long
ded fibers would reach their maximum strength under tens{#0,10 CNTs within polyethylene if only van der Waals in-
load only when the aspect ratio is large. The limiting value deraction is present. In the study, they estimated that the in-
the aspect ratio is found to be related to the interfacial shdgffacial stress could be 70MPa with chemical bonding be-
stress 7 as L/D> 0,/27, Where gy iS the maximum tween SWCNT and polymer matrix, while only SMP for the
strength of the fiber. Recent experiments on MWNTs dionbonding case.
SWNT roped41,42 have reported the strength of the nano-
tubes to be in the range of 50GPa. With a typical value 6f3 Experimental status
50MPa for the interfacial shear stress between the nanotubging nanotubes as reinforcing fibers in composite materials
and the polymer matrix, the limiting value of the aspect ratig still a developing field from theoretical and experimental
is 500:1. Therefore, for an optimum load transfer with gerspectives. Several experiments regarding the mechanical
MWNT of 10nm diameter, the nanotube should be at leastoperties of nanotube-polymer composite materials have
5um long, which is in the range of the length of nanotubéseen reported recently. Wagnet al [52] experimentally
typically investigated in experiments on nanotube reinforcegudied the fragmentation of MWNTs within thin polymeric
composites. films (urethane/diacrylate oligomer EBECRYL 4858nder
Earlier studies of the mechanical properties of the coraoempressive and tensile strain. They have found that
posites with macroscopic fibers are usually based on catanotube-polymer interfacial shear streds of the order of
tinuum media theory. Young’s modulus of a composite is
expected to be within a lower bound of YL}y,
= Viiber! Ysiber T Vmatrix/ Ymatrix @nd an upper bound of 03 ; . ,
Ycomp: VfiberYfiber+Vmatrix_Ymatrixa Where Viiber and ) CNT: L/D~2; unit of polyethylené=10
Vmatrix are the volume ratios of the fiber and the matrix
respectively. The upper bound obeys the linear mixing rul Y=1907MPa
which is followed when the fibers are continuous and tr__
bonding between fibers and the matrix is perfect, ie, the el§ 0.2 1
bedded fibers are strained by the same amount as the me‘f;
molecules. The lower bound is reached for the case of p.g
ticulate filler composites because the aspect ratio is closeg
one. For a nanotube fiber composite, therefore, an upj2 polymer butk
limit can be reached if the nanotubes are long enough and e 01y |
bonding with the matrix is perfect. Additionally, short nano

Y=1492MPa

composite

tubes, with Poisson'’s ratio of about 0.1-0.2, are much harc T=50K

material as compared to the polymer molecules with Poi stress rate=1bar/1ps
son’s ratio of about 0.44. Therefore, as a nanotube containi ; 1 1

polymer matrix is stretched under tensile strain there is 0 05 1 1.5 2

resistance to the compression pressure perpendicularly to u. Tensile strain (%)

axis of the tube. For the short, but hard nanotubes and sgff 19 piot of the stress versus strain curve for pure polyethylene

polymer matrix mixture, this provides additional mechanisiyatrix and CNT composité8 vol%) at small strain region (T

of load transfer that is not possible in other systems. =50 K). Young’s modulus is increased 30% for the composite
An MD simulation of the mechanical properties of a comérom MD simulatior).
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500MPa, which is much larger than that of conventional fdependent transition between the pre- and post-yielding con-
bers with polymer matrix. This has suggested the possibilifigurations. The model, within the error bars of the computed
of chemical bonding between the nanotubes and the polynaetivation barrier, correctly predicts that under tensile strain
in their composites. The nature of the bonding, however, @ realistic(experimentally realizab)estrain rates, yield oc-

not clearly known. Later, Louriest al [53] examined the curs at about 5-10% applied strain, but not at high yielding
fragmentation of single-walled CNT within the epoxy resistrains of 20—30% as was predicted in the earlier MD simu-
under tensile stress. Their experiment also suggested a gaitbns. Preliminary results of the structural, thermal, and
bonding between the nanotube and the polymer in tineechanical characterization of nanotube polymer composites
sample. Schadleet al [47] have studied the mechanicalhave been obtained and show that important characteristics
properties of 5%by weigh) MWNTs within epoxy matrix such as thermal expansion and diffusion coefficients from the
by measuring the Raman peak shift when the composites precessing and applications perspective can be simulated for
under compression and under tension. A large Raman peaknputational design of nanotube composite materials.
shift is observed for the case of compression, while the shifhese simulations illustrate the large potential of computa-
in the case of tension is not significant. The tensile modultisnal nanotechnology based investigations. For larger sys-
of the composites is found to enhance much less as coram sizes and realistic interface between nanotubes and poly-
pared to the enhancement in the compression modulus of ther, the simulation techniques and underlying multi-scale
similar system. Schadlet al have attributed the differences,simulations and modeling algorithms need to be developed

between the tensile and compression strain cases, to the sliad

improved significantly before high fidelity simulations

ing of inner shells of the MWNTs when a tensile stress isan be attempted in the near future.

applied. In cases of SWNT polymer composites, the possible

sliding of individual tubes in the SWCNT rope, which isnckNOWLEDGMENTS
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